Methionine synthases catalyze the overall methyl transfer from the coenzyme N(5)-methyltetrahydrofolate 1 (Scheme 1) to the thiolate of homocysteine 2, to result in the formation of methionine 3 and tetrahydrofolate 4 1. The enzymes found in micro-organisms and mammals utilize cofactor 1 as a reagent and, additionally, require cobalamin as the prosthetic group. The cobalamin or vitamin B12 functions as an intermediate methyl carrier in this biological transmethylation reaction (Scheme I).
The overall transformation catalyzed by cobalamin-dependent methionine synthase consists of two half reactions: (i) transfer of the methyl moiety from the folate coenzyme 1 to the cobalt atom of cobalamin and (ii) donation of the CH3-group of methylc&alamin to the thiol residue of homocysteine (2) .
The methyl transfer from methylcobalamin to homocysteine, the second half reaction, has been previously demonstrated2 in absence of the enzyme. It is now generally assumed that a nucleophilic displacement of the methyl moiety of methylcobalamin by the thiolate of homocysteine is involved in the cobalamin-dependent methionine synthe.si~~~~.
To date a nonenzymatic precedent of the first half reaction has been lacking. The displacement of 8863 the methyl group of 5-methyltetrahydrofolate 1 by cobalamin(I) is commonly shown in the text books as a simple SN~ reaction. However, although cobalamin(1) is a super nucleophile, a nucleophilic displacement of a tertiary amine at the a-carbon constitute an unprecedented chemical processs. To make this plausible, it is assumed that the N(S)-position of the coenzyme is suitably activated prior to the transfer of its methyl substituent. This activation could be achieved by oxidation of N(5), either via loss of one or two electrons or by its coordination with an electrophile/proton at the enzymic sites.
Attempted alkyl transfers from tertiary amines, including S-methyltetrahydrofolate, and from a number of quatemary ammonium salts, to cobalamin or cobaloxime, have not been successful*. In a more recent studye, however, the transfer of a benzyl substituent from benzyltrimethylammonium iode and a methyl group from N,N-dimethylpiperidinium iodide, to cobaloxime(I), have been described. It is also claimed that a methyl transfer is observed from an ammonium species6 which is generated in situ by adding tertiary amines to acetylenic esters. In view of the goal of developing a precedent for the methyl transfer from nitrogen to cobalt, in cobalamin-dependent methionine synthase, we initially investigated the reaction of a range of ammonium salts, with cobaloxime(1) [Co(I)(dmgH)2pyr] 5. Since the behaviour of cobaloximes is known to be very similar to that of the natural cobalamin, they are highly suited for model studies of vitamin B 12 dependent reactions7~s.s.
In our study, the ammonium salts 6-18 (Table I) were allowed to react with cobaloxime(1) under strictly anaerobic conditions. Cobaloxime(1) was generated by base-mediated disproportionation of cobaloxime(II)tu. At room temperature (4-16 hours), after &ring, the Cc+alkylated products were isolated and identified by comparison (NMR) with authentic samples. The results of these reactions are described in Table I . (10.11 and 15) . where no transfer is observed, the results can be best rationalized on the basis of a nucleophilic displacement mechanism (SN~). In first instance, the behaviour of these salts is somewhat puzzling. The electron-withdrawing nitro substituent (in 10. Although Co(I) of cobaloxime is an extremely powerful nucleophile (n = 13.8)iLta, it has also the possibility of acting as a base towards the acidic benzyl protons of the p-nitro-benzyl salts. The transfer of a proton to Co(I) results in the formation of cobaloximehydride, which is known to decompose into cobaloxime(II) and molecular hydrogen..
In order to mimic the cobalamin-dependent methionine synthase reaction, we have developed a model of the natural coenzyme 5-methyltetrahydrofolate (1) in which the MeN(S)posit is activated by coordination with a methyl group. In this model (23a)13, one of the N-methyl substituents was labelled with 13C, to give salt 23b 13. In the latter system the fate of the methyl transfer to the Co(I) of either cobaloxime(I) or cobalamin (I) could be followed by 13C-NMR without isolation of the reaction products.
The syntheses of the labelled and unlabelled pteridinium salts have been described previouslyt3.
Reactions (Scheme II) of cobaloxime(I) 5 at 293K or 313K. with pteridinium salts 23a or 23b, resulted in reaction mixtures in which the formation of the Co-12CH3 and Co-l3CH3 derivatives of 5 could be readily identified by NMR spectroscopy. In the case of the reaction with the unlabelled salt 23a the IH-NMR spectrum revealed a small signal at 0.81 ppm. The latter signal could be assigned to the cobalt-bounded methyl substituent in methylcobaloxime 19.
Performance of the reaction at the elevated temperature of 313K. resulted in a slightly higher yield of the methyl transfer product as evidenced by a stnmger signal at 0.8 1 ppm in the NMR spectmm.
An analogous experiment with the labelled compound 23b (313K) resulted in the formation of a mixture of the ~btlkd and udhdlcd methylcobaloxime. Once again, the signal at 0.81 ppm could be assigned to Co-%H3. The signal of the Co-13C!I-13 substitnent was observed to split into a doublet (0.47 ppm and 1.15 ppm) with a coupling constant of 139.3 Hz. Ruhr. Absolute ether (distilled from sodium) was used as a solvent during the alkylation of the amines with the cormsponding alkyl halides, in order to precipitate the quaternary ammonium salt. Tiimethylanilinium iodide was purchased from Buchs S.G. The syntheses of the ammonium salts 7.12,13,14,15,16,17,18 and 23a,b have been described previouslyls.
Prof. Dr. R. Scheffold is gratefully acknowledged for his gift of methylcobalamm, which has been used as a reference for NMR analyses.
13C-Methyl iodide (99% atom label) was purchased fmm Isotec Inc.
Synthesis of alkyl(pyridine)cobalozimes 19,20,21 and 22.
These experiments were performed under strictly anaerobic conditions. Pyridinecobaloxime(II) was synthesized according to Brown and coworkers lo. Cobaloxime(I) was generated by the disproportionation method in strongly alkaline solution to. The alkyl halide, dissolved in a minimum amount of methanol, was added via a dropping funnel. The alkyl(pyridine)cobaloxime was isolated via the conventional methodlo.
Methyl(pyridine)eobalozime 19.
The experiment was performed at 16 mm01 scale. Upon addition of pure methyl iodide (200 pl, 10 mmol), the colour of the reaction mixture immediately changed from black to red. Methyl@yridine)cobaloxime 19 was isolated in 60% yield (228 mg). The spectrum was consistent with that reported in the literature6~7. (1.33 g, 8.48 mmol) , dissolved in 15 ml MeOH, for 48 hr. After evaporation of the solvents, toluene was added in order to remove H20 by evaporation. The resulting residue was dried, yielding 1.73 g (95%) of compound 8. General procedure for the reaction of cobaloxime(I) with quaternary ammonium salts. Pyridinecobaloxime(1) was prepared by disproportionation. according to the previously described methodlo. The experiment was performed starting from 1.25 mm01 cobalt chloride. The quatemary ammonium salt (1 eq.). dissolved in a minimum amount of methanol (1 or 2 ml), was allowed to react with 1 eq. of cobaloxime(I) under strictly anaerobic conditions during several hours at RT. After reaction,
MeOH was evaporated by a vigorous stream of nitrogen gas. The resulting residue was washed with icewater in air, in order to precipitate the alkylcobaloxime. If no precipitate was formed upon washing with ice-water, the water layer was extracted with dichloromethane (2 x 10 ml). The combined organic layers were concentrated in VUCIU) and thoroughly dried. The isolated alkyl(pyridine)cobaloxime was identified by lH-NMR (200 MHz, CDC13). The results and yields of these transfer experiments are listed in Table 1 .
Synthesis of UC-methykobaloxime.
13C-methylcobaloxime was synthesized according to the procedure described for the synthesis of was generated by the disproportionation method 10. Therefore, 160 mg NaOH (4 mmol), dissolved in 1 ml water, was added to the cobaloxime(II) solution. Upon addition of the base, an immediate change of colour, from brown to black, was observed. The black colour indicated the presence of cobaloxime(I).
A solution of 23a (178 mg, 0.45 mmol) in 3 ml MeOH was added to the former solution. The reaction mixture was stirred at RT. After 20 hours, the solvent was evaporated by a stream of nitrogen gas. The residue was stirred with ice-water, blowing a stream of air over the solution in order to oxidize unreaction cobaloxime. After 30 min the water layer was extracted with dichloromethane (2x10 ml). The combined organic layers were concentrated in VUCIW. yielding only 6 mg of an impure solid compound. The lo-NMR spectrum (200 MHz, CDC13) revealed a small signal at 0.81 ppm, which could be assigned to the cobaltbounded methyl substituent.
Reaction of 23a with cobaloxime(I) at 313 K.
The reaction was repeated at the elevated temperature of 313 K according to the described procedure.
Concentration of the dichloromethane extract yielded 13 mg impure solid compound. The intensity of the signal at 0.81 ppm, which could be assigned to the cobalt-bounded methyl substituent, was slightly stronger than after the reaction performed at 293 K.
Reaction of 23b with cobaloxime(I) at 313 K.
The reaction is performed according to the procedure, described for the reaction with 23a at 313 K. coincided with other signals and could not clearly be observed.
Reaction of 23b with cobalamin(1).
This experiment was performed under exclusion of day light, in aluminium foil shielded glassware. All the solvents were thoroughly degas& before using. Cyanocobalamin (136 mg, 0.1 mmol) was dissolved in 5 ml H20. The pH was adjusted to 9.3 by addition of 0.1 M NaOH. Sodium borohydride (15 mg), dissolved in 1 ml H20 (pH = 9. 
